Abstract Although it is well established that during periods of torpor heterothermic mammals and birds can reduce metabolic rates (MR) substantially, the mechanisms causing the reduction of MR remain a controversial subject. The comparative analysis provided here suggests that MR reduction depends on patterns of torpor used, the state of torpor, and body mass. Daily heterotherms, which are species that enter daily torpor exclusively, appear to rely mostly on the fall of body temperature (T b ) for MR reduction, perhaps with the exception of very small species and at high torpor T b , where some metabolic inhibition may be used. In contrast, hibernators (species capable of prolonged torpor bouts) rely extensively on metabolic inhibition, in addition to T b effects, to reduce MR to a fraction of that observed in daily heterotherms. In small hibernators, metabolic inhibition and the large fall of T b are employed to maximize energy conservation, whereas in large hibernators, metabolic inhibition appears to be employed to facilitate MR and T b reduction at torpor onset. Over the ambient temperature (T a ) range where torpid heterotherms are thermo-conforming, the T b -T a differential is more or less constant despite a decline of MR with T a ; however, in thermo-regulating torpid individuals, the T b -T a differential is maintained by a proportional increase of MR as during normothermia, albeit at a lower T b . Thermal conductance in most torpid thermo-regulating individuals is similar to that in normothermic individuals despite the substantially lower MR in the former. However, conductance is low when deeply torpid animals are thermo-conforming probably because of peripheral vasoconstriction.
INTRODUCTION
Endothermic mammals and birds have the ability to maintain a constant high body temperature (T b ) over a wide range of ambient temperatures (T a ). 1 Because the surface area/volume ratio of animals increases with decreasing size, many small endotherms must produce substantial amounts of endogenous heat to compensate for high heat loss during cold exposure. As prolonged periods of high metabolic heat production require high food intake and food availability in the wild often fluctuates, the cost of thermoregulation may become prohibitively expensive. This is one of the reasons why not all mammals and birds are permanently homeothermic (i.e., maintain a constant high T b ), but during certain times of the day or the year enter a state of torpor (9, 92, 106) . Torpor in these heterothermic endotherms is characterized by a controlled reduction of T b , metabolic rate (MR), and other physiological functions. The T b during torpor falls from high normothermic values of ∼32 to 42
• C to values between −3 to < 30
• C, and the minimum torpid metabolic rate (TMR) is on average reduced to 5-30% of the basal metabolic rate (BMR) (3, 50) . TMR can be less than 1% of the normothermic resting metabolic rate (RMR) in some species at low T a , emphasizing the effectiveness of torpor in reducing MR.
Although MR during torpor may be a fraction of that in normothermic individuals, regulation of T b during torpor is not abandoned. T b is regulated at or above a species-or population-specific minimum by a proportional increase in heat production that compensates for heat loss (30, 71) . During entry into torpor, the hypothalamic set point (T set ) for T b is down-regulated ahead of T b (73) . Only when T b reaches the low T set during torpor after a cooling episode is metabolic heat production used to maintain T b at or above this minimum T b .
However, when undisturbed and in steady-state torpor at T a above the minimum T b , torpid endotherms are thermo-conforming. The T b -T a differential in this temperature range is usually small, ∼1-3
• C (140, 142, 159) , and a reduction of T a does not result in an increase of TMR, instead it falls with T b until a new equilibrium is reached. Nevertheless, at any time, disturbance can result in a rise of T set in torpid individuals, initiating thermoregulation. Moreover, induced torpor in the laboratory may not always result in steady-state torpor, especially when animals are not allowed to undergo their natural daily or seasonal T b cycle, and may result in a T set and TMR that are well above the minima characteristic for the species under investigation (51) . Higher than characteristic minima are obviously also observed when not enough time is allowed for reaching the steady-state minima.
In addition to possessing the ability to thermoregulate during torpor, heterothermic endotherms can rewarm themselves from the low T b during torpor by using endogenous heat production, although recent evidence from the field shows that passive rewarming also plays an important role (18, 53, 56, 97, 123, 150, 157) .
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In placental heterotherms, brown fat appears to be a major tissue involved in endogenous heat production during arousal via nonshivering thermogenesis, whereas in birds, monotremes, and marsupials, which appear to lack functional brown fat (128), shivering appears responsible for much of the heat produced (19, 47, 66, 111, 125) .
PATTERNS OF TORPOR
Most heterothermic mammals and birds appear to use one of two common patterns of torpor: hibernation or prolonged torpor in the hibernators and daily torpor in the daily heterotherms. Hibernation is often seasonal and usually lasts from late summer/autumn to late winter/spring. However, hibernators do not remain torpid throughout the hibernation season. Bouts of torpor, during which T b is low and bodily functions are reduced to a minimum, last for several days or weeks, but are interrupted by periodic rewarming and brief (usually less than one day) normothermic resting periods with high T b and high energy turnover (32, 46, 88, 95, 158) . Hibernators, which currently include many mammals but only a single bird species, are generally small, and most weigh between 10 and 1000 g, with a median mass of 85 g (50) . However, the entire mass range of hibernators for which metabolic data are available, including black bears (Ursus americanus), is ∼5 to 80,000 g. Nevertheless, deep torpor with a reduction of T b by more than 10
• C is restricted to species weighing less than 10 kg. Many hibernators fatten extensively before the hibernation season, refuse to hibernate when lean, and rely to a large extent on stored fat or food for an energy source in winter.
Hibernating species usually reduce T b to below 10 • C, with a minimum of −3
• C in arctic ground squirrels, Spermophilus parryii (3) , and most, with the exception of large carnivores and perhaps tropical hibernators, have T b minima around 5
• C (4, 18, 26, 50, 59) . The TMR in hibernators is on average reduced to about 5% of the BMR but can be less than 1% of the RMR in normothermic individuals at low T a . Even when the high cost of periodic arousals is considered, energy expenditure during the mammalian hibernation season is still reduced to below 15% of that the animal would have expended if it remained normothermic throughout winter (152) . This enormous reduction in energy expenditure is perhaps best illustrated by the fact that many hibernating mammals can survive for 5 to 7 months entirely on body fat that has been stored prior to the hibernation season (32). Thus energy intake and expenditure in hibernators are not balanced on a daily but rather a yearly basis.
Daily torpor in the daily heterotherms is the other widely used pattern of torpor in mammals and, in contrast to hibernation, also commonly in birds (50, 114) . This form of torpor is usually not as deep as hibernation, lasts only for hours rather than days or weeks, and is usually interrupted by daily foraging and feeding. On average, daily heterotherms are smaller than hibernators and most weigh between 5 and 50 g, with a median of 19 g, and a range of ∼2 to 9000 g (50) . In diurnal heterotherms, GEISER daily torpor is usually restricted to the night, whereas in nocturnal mammals and birds it is common in the second part of the night and the early morning. However, in the field, two bouts of torpor per day appear common in nocturnal species, and one of these is usually terminated by partially passive arousal via an increase of T a or exposure to solar radiation (10, 58, 97) . Generally, daily torpor is less seasonal than hibernation and can occur throughout the year, although its use often increases in winter. In some species from high latitudes, such as Siberian hamsters (Phodopus sungorus), daily torpor appears to be restricted to winter (67, 95) . On the other extreme, in some warm climate species, such as subtropical nectar-eating blossombats (Syconycteris australis), daily torpor is deeper and longer in summer than in winter, and this unusual seasonal pattern appears to be explained mainly by reduced nectar availability in summer (16) . Whereas daily torpor often occurs as a response to acute energy shortage, in some species it is employed regularly to balance energy budgets, even when food availability may appear favorable. For example, small arid-zone marsupials of the genus Sminthopsis regularly enter daily torpor in the laboratory when food is freely available (spontaneous torpor), which appears to reflect the generally low energy availability in their natural desert habitat (41, 43) . In some hummingbirds, daily torpor at night is used to conserve fat stores for migration on the following day (15) . Moreover, the marsupial Mulgara (Dasycercus cristicauda) appears to use spontaneous daily torpor during pregnancy to facilitate fat storage for the following energetically demanding period of lactation (49) .
Many daily heterotherms, in contrast to most hibernators, do not exhibit extensive fattening prior to the season in which torpor is most commonly employed and typically enter torpor at times when body mass is low (39, 67, 84, 96) . Large fat stores, as simulated by administration of the hormone leptin, inhibit daily torpor (55) . When food is withheld from small daily heterotherms for several days they will perish (94), whereas hibernators can survive for months. The main energy supply of daily heterotherms, even in the main torpor season, remains ingested food rather than stored body fat, and they appear to balance energy expenditure and uptake on a daily basis. The T b in daily heterotherms, such as small carnivorous marsupials (e.g., Sminthopsis spp.) and mice (e.g., Peromyscus spp.), usually falls to near 18
• C, although in some hummingbirds, values below 10 • C have been reported. In other, mainly large species such as tawny frogmouths (Podargus strigoides) or American badgers (Taxidea taxus), T b is maintained just below 30
• C (50, 64, 97) . The TMR in daily heterotherms is on average reduced to about 30% of the BMR, although this percentage is strongly affected by body mass and other factors. When RMR at low T a is used as a point of reference, reductions of MR during daily torpor to about 10-20% of that in normothermic individuals at the same T a are common. Depending on the species, the duration and intensity of activity, the duration of the torpor bout, and torpor depth, overall daily energy expenditure is usually reduced 50-90% on days when daily torpor is employed, compared with days when no torpor is used (24, 83).
Thus torpor bouts in the daily heterotherms are always shorter than one day independent of food supply or prevailing ambient conditions. In contrast, although hibernators usually display bouts of torpor lasting several days or weeks, they are capable of brief torpor bouts of less than one day early and late in the hibernation season or at high T a (32, 46, 142, 146) , which superficially may appear the same as daily torpor in the daily heterotherms and, when it occurs in summer, is often referred to as aestivation. However, it appears that these short torpor bouts in hibernators are functionally nothing but brief bouts of hibernation with TMR well below those of the daily heterotherms even at the same T b (6, 38, 51, 142, 159) . Thus the term daily torpor should not be applied to describe short torpor bouts of hibernators, because it describes only the temporal pattern of T b fluctuations without considering the apparently functional differences in the mechanism of MR reduction.
Whereas the two patterns of torpor described above appear to be the most common, it is likely that not all species conform to these but exhibit some intermediate pattern. However, in some reported cases on intermediate torpor patterns, no longterm experiments with exposure to low T a have been conducted to clearly establish whether the species is capable of prolonged torpor bouts (e.g., 103, 161) . This is an important test because, as is outlined above, hibernators commonly display test drops early in the hibernation season that superficially resemble daily torpor (146) . It is interesting that even if such studies are included, heterotherms still clearly fall into two groups (50) .
HYPOTHESES ON METABOLIC RATE REDUCTION
Whereas most researchers in this field agree that the reduction of MR during torpor is substantial and is pivotal for survival in many species, the mechanisms of how MR is reduced remain controversial. Several, at first glance, mutually exclusive hypotheses attempting to explain the MR reduction during torpor have been proposed. The traditional view is that as T b and MR fall together at torpor entry and because the Q 10 (the change in rate over a 10
• C increment) between TMR and T b often approximates 2 (which is typical of biochemical reactions), the MR reduction during torpor below BMR is explained by temperature effects (60, 62, 138) . Because unexpectedly high Q 10 (>3) have been observed in some species during torpor entry and at high T b during torpor, it was proposed that a physiological inhibition, in addition to temperature effects, must be involved in the reduction of MR (38, 108, 145) . Others have proposed that T b may have no influence at all on TMR. They argue that MR is down-regulated at torpor entry and the fall of T b is the consequence of and not the reason for the reduction of MR (68, 69, 127) . Finally, it has been suggested that, as during normothermia, MR during torpor is a function of the T b -T a differential (68) or that the low TMR may be due to the low apparent thermal conductance (C) in torpid individuals (139) .
The purpose of this review is to examine these hypotheses with respect to three factors that appear important in determining MR and T b during torpor: (a) patterns of torpor, (b) state of torpor, and (c) body mass.
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DATA SELECTION AND ANALYSIS
For this comparative analysis, data on MR, T b , and body mass of heterothermic mammals and birds during normothermia and torpor were collected from the literature ( Table 1) . BMR was used as a reference point for the TMR of thermoconforming individuals because in both physiological states, metabolism is used only for maintenance, without extra energy expenditure for thermoregulation (12, 155) . The only torpor values used in this analysis were from studies in which the following conditions pertained: The species appeared to be in steady-state torpor with a TMR below the BMR at some of the measured T a values, and simultaneous data on T b were available. For several species it was assumed that at steady-state torpor, T b was T a + 1
• C. In some species, no BMR values were provided and for those species BMR was calculated from allometric equations. To avoid the potential problem arising from temperature corrections, TMR data were statistically analyzed in different T b bins of 0.0-9.9
• C, 10.0-14.9
• C, 15.0-24.9
• C, and 24.0-32.9
• C, and both the TMR and the Q 10 calculated between BMR and TMR at various T b s were analyzed as a function of body mass. Data for torpid individuals were collected at T a both below and above the T set to examine relations between T b and MR, MR and the apparent thermal conductance (C), and that between the T b -T a differential and MR (Tables 1 and 2 ). For most variables, data were analyzed separately for daily heterotherms and hibernators because several physiological variables differ significantly between the two groups and because all heterotherms fall into two groups when analyzed by cluster and discriminant analyses (50) . Consequently, pooling of the data likely would obscure significant relationships. Data were compared using ANCOVA and t-tests as appropriate, and linear regressions were fitted using the method of least squares. Numeric values are expressed as means ± SD for n, the number of species investigated.
TORPOR ENTRY
When an animal enters torpor, the T set for T b falls faster than T b facilitated by thermal inertia (73) . As torpor entry usually occurs at low T a , well below the thermoneutral zone (TNZ) for most species, the fall of T set should theoretically result in a fall of MR from the resting metabolic rate (RMR) (energetic cost of BMR plus cost of thermoregulation) to BMR (no additional cost for thermoregulation) because heat production for normothermic thermoregulation will cease. This interpretation is supported by empirical data on sugar gliders, Petaurus breviceps (∼120 g), which, when they become torpid in the laboratory, usually do so early in the morning, but on days when they remain normothermic, they lower T b only slightly at the beginning of the rest phase. The transition from a nocturnal active T set of ∼39
• C to a diurnal resting normothermic T set of ∼35
• C results in a precipitous drop of MR that superficially appears to be a torpor entry (Figure 1 ). However, MR falls only from RMR to about BMR, although T a was 10
• C (∼ 17
• C below the T lc of the TNZ). Thus the initial sharp fall of MR represents only the transient period when thermoregulatory heat production appears to be switched off to facilitate cooling, i.e., from the high normothermic T b during the activity phase to the slightly lower normothermic T b during the rest phase. The MR is raised again when the lowered T set is approached. This transient fall in MR clearly shows that a small reduction in T set can substantially reduce energy expenditure because of thermal inertia. Thermoregulatory heat production is not required during the GEISER Figure 1 Metabolic rates measured as oxygen consumption of a sugar glider (Petaurus breviceps) during activity at night and rest during daytime. Note the precipitous drop of the metabolic rate to near BMR during the cooling phase from active to resting body temperatures (data from 82).
cooling phase and can result in a substantial MR reduction without the need for a large change of T b . Thus the transient fall of MR is not due to the fall of T b but the fall of T set . The initial reduction of MR at torpor onset at low T a in most species follows a similar pattern. However, the T set is reduced even further, and the substantial change in T b that follows the reduction from RMR to BMR at torpor onset of most heterothermic species is one of the reasons why MR can fall well below BMR (Figure 2 ). Thus it is correct that the MR has to fall before T b can fall, as it is often stated. However, this relationship of the initial MR decline usually explains only the reduction from RMR to BMR, not that from BMR to TMR.
Obviously, the scope of the reduction of RMR depends on size. Small mammals and birds (10 g) have a high RMR at low T a , and a fall of T set results in a large reduction of MR from RMR to BMR (Figure 3) . The substantial reduction of MR, together with the large surface area of small heterotherms, results in high cooling rates (100) , and the fast fall of T b in turn affects MR.
In contrast, large heterotherms (5000 g) have a low T lc of the TNZ and only a small increase of RMR over BMR at low T a (Figure 3) . Consequently, a fall of Figure 2 Metabolic rates measured as oxygen consumption of a dunnart (Sminthopsis macroura). Similar to that found for the glider in Figure 1 , the initial fall of the metabolic rate is associated with only a small change of body temperature. Only when the metabolic rate falls below BMR does the simultaneous decline of metabolic rate and body temperature become obvious.
T set and the small reduction from RMR to BMR and their low surface-to-volume ratio will result in a slow cooling rate. Even larger species, such as bears, are under thermoneutral conditions even at T a near 0
• C (137), and a fall of T set should have no effect on MR. Thus physiological mechanisms employed for MR reduction during torpor entry must differ between small and large heterotherms.
TMR AND T b IN THERMO-CONFORMING TORPID HETEROTHERMIC ENDOTHERMS
Small Heterotherms
As discussed above, small heterotherms have high RMR at low T a and a high BMR. A reduction of T set results in a precipitous drop of MR to near BMR (141) and, because not enough heat is produced for normothermic thermoregulation, T b will follow, which in turn affects MR. Nevertheless, the reduction of MR below BMR appears to differ between small daily heterotherms and hibernators.
The main energy supply of daily heterotherms, even during the period when torpor is commonly used, remains food collected during usually daily foraging. Thus energetics differ from hibernators, which heavily rely on fat. Small daily heterotherms (body mass ∼2 to 70 g) have high BMRs, and the effects of a reduction GEISER Figure 3 Resting metabolic rate within thermoneutrality (BMR) and below thermoneutrality (RMR) of a 10-g and a 5000-g endotherm. Note the wide TNZ and the small increase from BMR to RMR at low ambient temperatures in the large species and the narrow TNZ and the large increase of RMR over BMR at low ambient temperatures in the small species. This difference will strongly affect metabolic rate reduction at torpor onset.
of T b by about 20
• C, as commonly observed in daily heterotherms, results in a maximum reduction of TMR to about 25% of BMR assuming a Q 10 of 2. This TMR may seem rather high, however because torpor in daily heterotherms is relatively shallow and brief and is usually interrupted by daily foraging, a small reduction of MR relying largely on temperature effects without major biochemical adjustments appears to be a sensible approach. Not surprisingly then, the reduction of MR in a daily heterotherm, the marsupial Sminthopsis macroura (Figure 4) , follows closely that predicted by temperature effects (Q 10 = 2.5) similar to that for many other small daily heterotherms and the minimum TMR is about 25% of BMR in many species (Table 1) . Perhaps more importantly, the extrapolation of TMR as a function of T b intercepts with BMR at the normothermic T b of 35
• C in this species. This apparent continuum between normothermia in the TNZ (BMR) and TMR as a function of T b , which also occurs during passive rewarming (53), provides further Figure 4 Metabolic rates measured as oxygen consumption of a torpid thermoconforming small daily heterotherm, the dunnart (Sminthopsis macroura), as a function of body temperature. Note the intercept of the extrapolation of TMR with BMR at the normothermic body temperature of 35
• C (data from 140).
evidence that the MR reduction below BMR in small daily heterotherms is largely determined by T b . Small hibernators undergo prolonged periods of torpor and can survive on stored fat for months. If small hibernators exhibited the same MR reduction as that of small daily heterotherms, their fuel stores would be depleted within days or weeks, well before the end of winter. Thus it is not surprising that the reduction of TMR below BMR in small hibernators (∼5 to ∼100 g) is much more pronounced than in daily heterotherms and that the relationship between T b and TMR of the two groups differs. In the insectivorous bat, Nyctophilus geoffroyi, which is capable of prolonged torpor bouts of up to two weeks, the decline of TMR with T b (Figure 5 ) is much more pronounced than in S. macroura (Figure 4) , and the Q 10 value for TMR of 3.0 is higher than expected for temperature effects alone. Moreover, in contrast to S. macroura (Figure 4) , the extrapolation of TMR of N. geoffroyi does not intercept with BMR at the normothermic T b of 35
• C, but about 40% below GEISER Figure 5 Metabolic rates measured as oxygen consumption of torpid thermoconforming small hibernator, the bat (Nyctophilus geoffroyi), as a function of body temperature. Note the intercept with the normothermic body temperature of 35 • C of the extrapolation of TMR is 40% below the BMR (data from 51). BMR ( Figure 5 ). Thus there is a clear break between BMR and TMR at high T b s, suggesting that mechanisms other than temperature effects must be involved. Further evidence for largely temperature-independent metabolic inhibition comes from the marsupial hibernator, Cercartetus nanus, which can enter torpor within the TNZ and is able to reduce TMR to about 50% of BMR with a T b reduction of only 2.9
• C (Q 10 = 9.7; Table 1 ). The minimum TMR of these small hibernators is only a fraction of that in the daily heterotherms. These observations suggest that during torpor entry, and at most T b in steady-state torpor, small hibernators employ temperature-independent metabolic inhibition in addition to the effects of the greatly reduced T b for MR reduction.
When the TMR as a function of T b of thermo-conforming individuals below the BMR in a small daily heterotherm (S. macroura, 25 g) is compared with that of a small hibernator (C. nanus, 35 g), the TMR at the same T b in the daily heterotherm Figure 6 Metabolic rates measured as oxygen consumption of a torpid thermoconforming small daily heterotherm, the dunnart (Sminthopsis macroura), compared with that of a small hibernator, the pygmy-possum (Cercartetus nanus), as a function of body temperature. Note that at the same body temperature the metabolic rate of the hibernator is about half of that of the daily heterotherm. The minimum metabolic rate of the daily heterotherm is about seven times that of the hibernator because of the further decline of body temperature in the latter (data from 140, 142).
is about twice that of the hibernator (Figure 6 ), which emphasizes the influence of metabolic inhibition in the hibernator. The minimum TMR in S. macroura is about sevenfold that of C. nanus because of the greater than 10
• C lower minimum T b in C. nanus (Figure 6 ), which emphasizes the additional effect of T b . Log TMR is linearly related to T b in both species, but the elevation of the regressions differs significantly (p < 0.0001, ANCOVA). The difference in TMR at the same T b is not the result of differences in torpor duration because TMR minima in both species are reached about 3-4 hours after torpor onset. The differences in TMR at the same T b suggest that the mechanisms of MR reduction differ between small daily heterotherms and hibernators.
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Medium-Sized Heterotherms
Medium-sized heterotherms are capable of carrying more fat and have substantially lower RMR and BMR than small species. Consequently, energy constraints should be less extreme than for small species.
Information on MR reduction during torpor in medium-sized daily heterotherms is limited to three marsupials and a bird (body mass ∼110 to 200 g). Nevertheless, existing data suggest that TMR below the BMR in heterothermic marsupials falls as predicted by the reduction of MR via falling T b through Q 10 effects. In the four species examined, Q 10 ranged between 1.6 and 2.8, suggesting that T b plays a major role in the MR reduction below BMR (Table 1) .
Similar observations have been made in medium-sized hibernators. In goldenmantled ground squirrels, Spermophilus lateralis (200 g), the Q 10 for TMR between different T b during torpor was 2.39 (62) and 2.3 between BMR and TMR (138) . Similarly, in Spermophilus saturatus (250 g), the log TMR was a function of T b and the Q 10 calculated for the slope was 2.04. However, these measured Q 10 values are restricted to low T b during torpor (<14
• C) and may not reflect those at high T b . The intercept of TMR with the normothermic T b of 38
• C in S. saturatus was 25% below the BMR (Figure 7) , suggesting that at high T b during torpor, metabolic inhibition may generate at least some of the MR reduction in this species. Q 10 values >3 at mainly high T b in other medium-sized hibernators (Table 1 ) support this interpretation. Interestingly, at a T b of 18.3
• C, even the TMR of the fat-tailed lemur, Cheirogaleus medius (250 g), a tropical primate that hibernates at unusually high T b (18) , falls very close to that predicted for S. saturatus at the same T b , suggesting that there are no general differences between tropical and temperate hibernators. Thus low Q 10 values observed in medium-sized hibernators appear to be restricted to low T b during torpor, whereas at high T b , Q 10 values are greater than predicted. This suggests that, unlike in small hibernators, metabolic inhibition in medium-sized hibernators predominately is used to minimize TMR at high T b and torpor entry, whereas at low T b these animals largely rely on T b for TMR reduction.
Large Heterotherms
Whereas small heterotherms have to overcome the problem of having high normothermic MR and low fat stores, large heterotherms (body mass >1000 g) have to deal with a small relative surface area and only a small reduction of MR from RMR to BMR during torpor entry (Figure 3 ). Cooling rates consequently will be slow, and a reliance on T b for reduction in MR will be ineffective, at least in the initial phase of torpor.
American badgers, Taxidea taxus (∼9000 g), are the only large daily heterotherms for which metabolic data during torpor are available. Their MRs fell with T b with a Q 10 value of 2.15 over ∼10 h torpor entry (64) . This suggests that despite their large size, these animals rely mainly on temperature effects for a 57% MR reduction.
Figure 7
Metabolic rates measured as oxygen consumption of torpid thermoconforming medium-sized hibernator, the ground squirrel (Spermophilus saturatus, Ss), as a function of body temperature. Note the intercept with the normothermic body temperature of 38
• C of the extrapolation of TMR is 25% below the BMR. The minimum metabolism of the medium-sized tropical hibernator the lemur (Cheirogaleus medius, Cm) is similar to that predicted for the temperature of the ground squirrel at the T b measured for the lemur (data from 18, 46).
Because of the small surface area and the negligible differential between TMR and BMR, large hibernators appear to employ metabolic inhibition at torpor onset, to permit cooling of the body. Echidnas, Tachyglossus aculeatus (body mass ∼2000 g), exhibit high Q 10 values of 6.7 between T b and TMR during torpor entry (127) , supporting this interpretation. Arctic ground squirrels, Spermophilus parryii (1000 g), have a constant and low TMR over a T b range of ∼5 to 13
• C, suggesting that at least at the higher T b , metabolic inhibition is involved in reducing TMR (13) . Alpine marmots, Marmota marmota (body mass ∼4000 g), appear to use metabolic inhibition during torpor entry and maintain TMR at very low levels for several hours while the T b declines, but TMR increases somewhat later in the torpor bout (129) . The likely reason why TMR returns to higher values after torpor entry is that the very low initial MR does not suffice for prolonged function. GEISER Nevertheless, large thermal gradients may partially explain the observed patterns because the measured core T b does not reflect peripheral temperatures during cooling. Thus, while the function of metabolic inhibition in small hibernators appears to minimize energy expenditure at all T b to overcome the energetic constraints of small amounts of stored fat, in large hibernators this mechanism is important to allow the initial reduction of T b that, in turn, will influence TMR to some extent.
The situation in bears is even more extreme. Because bears are under thermoneutral conditions even at very low T a , they cannot rely on cooling through a reduction in T set . Consequently, they appear to down-regulate MR to about 20% of BMR resulting in a decline of T b of about 5
• C. The Q 10 = 27 for bears is very high, but this value may be inflated because the predicted BMR by Watts et al. (156) is substantially above that predicted by allometric equations for hibernators derived here, which would result in a Q 10 of 7.2 ( Figure 8B ).
T b AND THE ALLOMETRY OF STEADY-STATE BMR AND TMR OF THERMO-CONFORMING TORPID ANIMALS
As we have seen in the previous section, the fall of MR at torpor entry and consequently the fall of T b depend on size. But even during steady-state torpor, TMR is affected by size. Small heterotherms have relatively high BMR and small fat stores, whereas large species have low BMR and relatively large energy stores. Consequently, mechanisms of MR reduction should be reflected in allometric relationships between mass and BMR and mass and TMR at different T b s (Figure 8) .
Because of the large number of birds included in the daily heterotherms, which generally have higher BMR than mammals (21), the BMR intercept differed between daily heterotherms and hibernators (p = 0.043, ANCOVA). When birds • C) = 0.320 -0.347 log 10 mass, r 2 = 0.72, P < 0.001; log 10 TMR (at T b [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] • C) = −0.037 -0.328 log 10 mass, r 2 = 0.28, P < 0.001; log 10 TMR (at T b 10-15
• C) = 0.070 -0.535 log 10 mass, r 2 = 0.72, P = 0.034.
The equations for hibernators (B) were log 10 BMR = 0.519 −0.299 log 10 mass, r 2 = 0.77, P < 0.001; log 10 TMR (at T b 25-33
• C) = −0.270 −0.214 log 10 mass, r 2 = 0.78, P = 0.001; log 10 TMR (at T b [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] • C) = −0.573 −0.304 log 10 mass, r 2 = 0.49, P < 0.001; log 10 TMR (at T b 10-15
• C) = −0.963 −0.177 log 10 mass, r 2 = 0.24, P = 0.091; log 10 TMR (at T b 0-10
• C) = −1.229 −0.128 log 10 mass, r 2 = 0.22, P = 0.002.
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were excluded, the BMR was indistinguishable between daily heterotherms and hibernators (p = 0.49, ANCOVA). The normothermic T b at BMR was similar (p = 0.086, t-test) between daily heterotherms (T b = 36.8 ± 2.2 • C) and hibernators (T b = 36.2 ± 1.5
• C), even with both birds and mammals included. In daily heterotherms, the regression lines for TMR as a function of body mass declined in parallel with T b s at all T b examined ( Figure 8A) , and the slopes were indistinguishable among the T b groups (p > 0.4, ANCOVA). However, the elevation differed between BMR and TMR at T b 25-33
• C, and also between TMR at T b 25-33
• C and TMR at T b 15-25
• C (p < 0.001, ANCOVA). TMRs at T b 15-25
• C and T b 10-15
• C was indistinguishable (p > 0.3, ANCOVA) likely because of the low sample size (n = 6) for the latter.
TMR as a function of mass of avian daily heterotherms did not differ from mammalian daily heterotherms at most T b s examined (p > 0.1, ANCOVA). However, at T b 10-15
• C, the two groups differed in slope (p < 0.003), but again this probably reflects the low sample size (n = 3, in each case ) rather than a biological difference.
Hibernators also reduce MR as a function of mass from BMR to TMR in parallel from normothermic T b down to T b [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] • C ( Figure 8B ). The slope of the regression for BMR was indistinguishable from TMR at T b 25-33
• C, T b 15-25
• C, and T b 10-15
• C. However, at T b s lower than 10 • C, the slope for the regression of TMR versus mass changed significantly (p < 0.024, ANCOVA). Above T b 15
• C, the slopes for TMR versus body mass ranged from −0.214 to −0.304; below T b 10
• C, the slope was about half (−0.128) because in this T b range the reduction of TMR relative to BMR in the small species is more pronounced than in the large species.
When TMRs based on the T b bins of daily heterotherms ( Figure 8A ) and hibernators ( Figure 8B ) were compared, all differed significantly in elevation (p < 0.0001, ANCOVA) at the three T b ranges that could be compared (T b 25-33
• C, 15-25
• C, 10-15 • C); the slopes were indistinguishable. These differences in elevation were not due to differences in T b because mean T b s in all T b bins were indistinguishable (t-test; mean T b s at T b 25-33
• C: 27.3 ± 1.6
• C versus 27.3 ± 2.4
• C; at T b 15-25
• C: 12.5 ± 1.5
• C versus 11.1 ± 1.3 • C; daily heterotherms versus hibernators, respectively).
Q 10 BETWEEN BMR AND TMR
The relationship between TMR and body mass is reflected in the Q 10 values. As the TMR in daily heterotherms was relatively high, the Q 10 between BMR and TMR at various T b s during torpor ranged between ∼1.5 and 3.5, with a maximum of 4.7 in the 2-g pygmy shrew (Suncus etruscus) ( Figure 9A ). Most Q 10 values were between 1.5 and 2. • C and T b 10-15
• C), Q 10 and mass were not related despite a substantial data set. However, at all body masses, the Q 10 values in this temperature range were generally high, with most values between 3 and 6. Only at low T b 0-10
• C was Q 10 negatively related to body mass (r 2 = 0.28), reflecting a greater reduction of steady-state TMR in the small species compared with that of the large species at low T b . The Q 10 in most small species (<100 g) at T b 0-10
• C was >3, whereas in large hibernators (>1000 g) Q 10 was around 2-2.5. Thus although the normal Q 10 between BMR and TMR at low T b in the large hibernators suggests that these animals generally rely on temperature effects for MR reduction (38), they do in fact rely heavily on metabolic inhibition. The normal Q 10 merely reflects an average of the high Q 10 values at high T b during torpor and the low Q 10 at low T b . The overall mean Q 10 for hibernators was 3.9 ± 3.7 (n = 43).
TMR AND THE T b -T a DIFFERENTIAL
In the T a range where torpid heterotherms are thermo-conforming, the T b -T a differential is often constant or changes little, although TMR declines significantly (13, 51, 74, 79, 142, 159) . These observations indicate that the T b -T a differential does not determine TMR above the T set as has been suggested (68) . The constant T b -T a differential, despite a declining TMR over the same T a range, may appear surprising because at constant thermal conductance (C) the T b -T a differential and MR should fall together. However, it appears that C is not constant and changes from high values at high T b to low values at low T b , which explains the more or less constant T b -T a differential despite the change of TMR (142) .
The lack of a functional link between the T b -T a differential of thermoconforming torpid individuals and TMR also can be demonstrated by exposing torpid individuals to a decline or rise of T a . During passive rewarming, the T b -T a differential often becomes very small or temporarily negative (18, 102, 136) , but despite the decline in the T b -T a differential, the TMR increases with the rise of T b . When the T b -T a differential of torpid thermo-conforming individuals is experimentally increased by a reduction of T a , TMR does not increase, despite a rise in the T b -T a differential, but declines, following the decline of T b (44) . Similarly, thermal manipulations of the hypothalamus at T b above the T set , which amounts to the same as change in the T b -T a differential, do not elicit any increase of TMR (72) .
In contrast to thermo-conforming torpid individuals, in which the T b -T a differential appears inconsequential for determining TMR, thermo-regulating torpid individuals below the T set for T b maintain TMR according to the T b -T a differential, albeit at a lower T b . An increase of TMR in thermo-regulating torpid individuals similar to the response of the RMR has long been recognized (61) . Obviously, regulation of T b , even during torpor, will result in a proportional heat loss as occurs during normothermia, which must be compensated for by an increase in heat production. Whereas the T b -T a differential determines TMR in thermo-regulating torpid individuals, it has been suggested that the slope of TMR versus T a during torpor may be shallower than that for RMR versus T a during normothermia, perhaps because of a decrease in C at low T b (74, 143) . Although this interpretation may appear plausible, it is not supported by the empirical evidence from most species. The slope and elevation for RMR versus T a during normothermia and that of TMR versus T a in thermo-regulating individuals at body mass <200 g during torpor are indistinguishable for both daily heterotherms and hibernators (p = 0.144, ANCOVA), suggesting that maintenance of the T b -T a differential is identical between the two states and is independent of T b . However, when species >200 g are included (n = 3), the slope differs significantly between normothermic and torpid thermoregulating individuals ( Figure 10) suggesting that large species can reduce heat loss when thermo-regulating during torpor. Snyder & Nestler (139) argued that Q 10 effects are confounded by changes in thermal conductance and consequently that Q 10 calculations in endotherms are unsound. They found, that C is lower during torpor than during normothermia in rodents and proposed that the reduction in C is a central part of torpor, as it allows endotherms to markedly reduce levels of metabolism without abandoning regulation of T b (139) . However, this argument has several problems. First, as shown above, thermal conductance during torpor in most species is lower only Insignificant correlations are shown as broken lines for better identification of points.
APPARENT THERMAL CONDUCTANCE AND TMR
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Figure 10
Conductance as a function of body mass for normothermic animals (filled circles, N), thermo-regulating torpid animals (unfilled circles, TR) and thermo-conforming torpid animals (filled triangles, TC-D daily heterotherms, TC-H hibernators). The equations were log 10 C = −0.032 − 0.539 log 10 mass, r 2 = 0.966, P < 0.001 (normothermia); log 10 C = 0.0992 − 0.656 log 10 mass, r 2 = 0.943, P < 0.001 (thermo-regulating torpor); log 10 C = −0.185 − 0.565 log 10 mass, r 2 = 0.874, P < 0.01 (thermo-conforming torpor, daily heterotherms); log 10 C = −0.860 − 0.402 log 10 mass, r 2 = 0.915, P < 0.01 (thermo-conforming torpor, hibernators).
when torpid animals are thermo-conforming and apparently do not regulate T b (Table 2 ; Figure 9 ). Second, the reduction of C from RMR to TMR is small compared with the large difference in metabolism. Third, if C were important in determining MR of thermo-conforming torpid individuals, a change of C by exposure to 21% oxygen in helium, which is a more conductive atmosphere than air, should result in an increase in MR, which it does not (54) . Fourth, the thermal conductance of most thermo-regulating animals is the same during torpor and normothermia (142; Figure 10 ), but the TMR even in thermo-regulating individuals is only a fraction of that during normothermia. Thus, as explained by Nicol et al. (127) , C cannot be the reason for the low MR, but rather it is a consequence of the low TMR and peripheral vasoconstriction in thermo-conforming individuals. Nevertheless, C may play a role in reducing T b and, consequently, TMR at high T a or during torpor entry.
ARE Q 10 CALCULATIONS MEANINGFUL IN ENDOTHERMS?
As is true for all other physiological measurements, common sense must be applied to the calculation of Q 10 (155) . This is especially important in heterothermic endotherms that exhibit pronounced changes in their physiological state. If meaningful calculations for Q 10 are to be made, changes of MR that change with T b and are based on equivalent performance at different T b s appear most appropriate (155) . Thus in the present comparison, Q 10 was calculated between BMR and TMR in thermo-conforming individuals because both states do not include a thermo-regulatory energetic component and reflect maintenance metabolism only at different T b s. Calculations of Q 10 between TMR at different T b s during torpor in thermo-conforming individuals also are appropriate, as may be comparisons between thermo-regulating individuals at the same T a but at different T b s because they represent equivalent performance (142) . In contrast, comparisons of thermo-regulating individuals with thermoconforming individuals (139) are not likely to provide a meaningful Q 10 , because a change of state rather than the effect of temperature on rates is examined. Similarly, calculations of Q 10 during torpor entry can be meaningless if they fail to consider that the initial decline of MR is not related to a reduction of T b , but to a reduction of T set (see Figures 1 and 2 ). Another approach that has been applied to resolve whether T b is a possible reason for the decline of MR has been to compare the percent change of MR with the percent change of T b during torpor entry (69) . This approach is flawed for two reasons. First, as is outlined above, the initial change of MR during torpor entry can occur without a change of T b because MR falls from RMR to approximately BMR, and it is therefore not surprising that MR falls faster than T b . Second, as TMR in thermo-conforming individuals is an exponential function of T b (38, 140, 142, 159) , a comparison of a percent change to assess whether T b and TMR are related is not likely to provide meaningful information.
BIOCHEMICAL MECHANISMS
If MR reduction in many heterothermic species involves metabolic inhibition, the question arises as to the underlying biochemical mechanisms. However, considering the enormous reduction in MR that occurs especially during hibernation, in vitro data provide less clear and often contradictory results.
A potential inhibitor for MR during torpor may be a reduced pH, which may lower metabolic processes (63, 109, 110, 116) . In S. lateralis, the respiratory quotient (RQ) falls during entry into hibernation and rises during arousal (138) , suggesting that storage of CO 2 could result in a decrease of pH. This observation differs from data on the daily heterotherm, P. sungorus, which increases RQ GEISER during torpor entry and decreases RQ before arousal (70) , suggesting that not all heterotherms store CO 2 during torpor entry.
Changes in enzyme activities at different states during torpor are other potential candidates for involvement in MR reduction. However, such measurements are often limited to a single room temperature that is representative for neither high normothermic T b nor low torpid T b . No major changes in enzyme activity were observed in P. sungorus during daily torpor with the exception of pyruvate dehydrogenase (70) , but because this species appears to rely largely on T b for MR reduction, this result is not surprising. In hibernating Zapus hudsonicus, several glycolytic enzymes had reduced activity by about 50%, which is similar to that observed during metabolic inhibition in some species at the whole animal level without the effect of T b , and this change may be controlled by reversible phosphorylation (145) . Similarly, mitochondrial respiration is reduced to about half during torpor in Spermophilus compared with that in normothermic individuals (2, 112) . Furthermore, transcriptional initiation during torpor in S. lateralis is substantially reduced compared with that of interbout normothermia (151) .
Although these are promising findings, it is clear that further in vitro work is required to fully explain what happens in vivo. Whereas Arrhenius plots of enzyme function have received considerable attention with respect to heterothermy in the past (42, 134) , little recent progress has been made in this area, despite the observed increase in the Q 10 in torpid individuals compared with that in normothermic individuals. Perhaps more emphasis on in vitro work considering cellular functions over the T b ranges that are observed in vivo may help resolve some of the questions.
CONCLUSIONS
The above analysis suggests that mechanisms of metabolic rate reduction differ between daily heterotherms and hibernators and between small and large heterotherms. It shows that, against expectations, most of the apparently contradictive hypotheses proposed to explain metabolic rate reduction are correct. However, not all hypotheses match the published data for all species at all stages of torpor. Thus the present paper supports the view that extrapolations from one species to to another can be erroneous and underscores the strength of a comparative approach.
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